Use of spectral reflectance for indirect selection of yield potential and stability in Pacific Northwest winter wheat  by Gizaw, Shiferaw A. et al.
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a  b  s  t  r  a  c  t
The  use  of  canopy  spectral  reﬂectance  as  a high  throughput  selection  method  has  been  recommended  to
augment  genetic  gain  from  yield  based  selection  in  highly  variable  environments.  The  objectives  of  this
study were  to estimate  genotypic  correlations  between  grain  yield  and  spectral  reﬂectance  indices  (SRIs),
and estimate  heritability,  expected  response  to selection,  relative  efﬁciency  of indirect  selection,  and
accuracy  of  yield  predictive  models  in  Paciﬁc  Northwest  winter  wheat  (Triticum  aestivum  L.)  under  a  range
of moisture  regimes.  A diversity  panel  of  402 winter  wheat  genotypes  (87 hard  and  315  soft)  was  grown
in rain-fed  and  irrigated  conditions  across  the eastern  Washington  in  2012  and  2013.  Canopy  spectral
reﬂectance  measured  at  heading,  milk,  soft  dough,  and  hard  dough  stages  were  used to derive  several  SRIs
which  generally  had  higher  broad  sense  heritability  (H2) than  yield  per  se.  Grain  yield and  SRIs showed
generally  high  genetic  variability  and  response  to  selection  in  moist-cool  rain-fed  condition.  Efﬁciency  of
indirect  selection  for yield  using  SRIs  was  high  in drought  environment  and  exceeded  efﬁciency  of  yield-
based selection  in the  soft  winter  subgroup.  Normalized  water  band  index  (NWI)  showed  consistent
response  to  selection  across  environments,  higher  genetic  correlation  with  yield  (0.51–0.80,  p <  0.001),
and highest  indirect  selection  efﬁciency  (up to  143%).  A yield  predictive  model  with  one  or  more  SRIs
explained  41–82%  of  total  variation  in grain  yield  (p <  0.001).  The  repeatability  of genotypic  performance
between  years  increased  when  selection  was  conducted  based  on  both  SRIs  and  grain  yield  compared  to
selection  based  on  yield  or SRI  alone.  The  generally  high  heritability  of SRIs  and  their  signiﬁcant  genotypic
correlation  with  grain  yield  highlight  the possibility  to improve  yield  and yield  stability  in winter  wheat
through  remotely  sensed  phenotyping  approaches.
utho©  2016  The  A
. Introduction
Drought stress is a major constraint in rain-fed wheat produc-
ion across the US Paciﬁc Northwest (PNW), including the states
f Idaho, Oregon, and Washington. The eastern and south-central
emiarid regions of the PNW often receive less than 350 mm pre-
ipitation. The wheat growing period in the region including the
igh precipitation zone of the Palouse (>450 mm annual precipita-
ion) exhibits seasonal ﬂuctuation in precipitation and temperature
Schillinger and Papendick, 2008). The variation in precipitation
nd thermal time cumulatively contribute to more than 70% of total
ield variation in the region (Schillinger et al., 2012; Gizaw et al.,
016). Climate prediction models indicate that the region will likely
xperience more unprecedented warm winters with lack of snow-
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pack ensuing water shortages similar to the 2015 drought (Mote,
2003; Miles et al., 2010).
The winter wheat germplasm in the region has been contin-
uously subjected to selection for yield, yield stability, end-use
qualities, farming preferences, and disease resistance (Barrett and
Kidwell, 1998; Chen, 2005; Schillinger and Papendick, 2008).
Donaldson (1996) indicated that wheat cultivars adapted to the
region contain signiﬁcant variations for emergence, early canopy
establishment, root growth and development, winter survival,
osmotic adjustment, optimum maturity, and plant architecture.
Barret and Kidwell (1998) attributed the broad and stratiﬁed
genetic basis for these agronomic traits to the breeding effort in
region that has been in place for more than a century. Similarly,
the study population is known to have a genetic stratiﬁcation that
align with market class and breeding history. In particular, popula-
tion structure analysis differentiated hard winter genotypes from
club winter genotypes with only a slight overlap (Naruoka et al.,
2015).
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Grain yield, which is a result of biological and environmental
rocesses that occur during the complete cycle of the plant, exhibits
 high level of genotype x environment interactions (GEI). Genetic
rogress from yield-based selection is generally low in environ-
ents that exhibit precipitation ﬂuctuation and moisture deﬁcit
Blum, 2006). The effect of GEI on crop yield depends on the sever-
ty, duration, and timing of the stress with respect to the affected
evelopmental stages. In addition, factors such as variation in soil
epth and ambient temperature across different croplands often
onfound the partitioning of variation into genotypic and environ-
ental effects (Silvey, 1981). To address these challenges, plant
reeders need to augment yield based selection with secondary
raits that have inherent association with grain yield and higher
eritability than yield per se.
Morph-physiological traits often have predictable norm of
esponse to environmental variation and as a result, maintain high
eritability across environments (Fischer et al., 2012). The study
f these traits can help understand how yield potential changes in
esponse to environmental variation, identify traits that stabilize
enotypic performance, to conduct selection at early generations,
nd advance lines with desired characteristics for target envi-
onments (Laﬁtte et al., 2003). Indirect selection uses secondary
raits that have inherent relationship with agronomic performance,
electable genetic variation, and predictable response to environ-
ental variations (Passioura, 2012). This study is a part of broader
esearch initiative to characterize the phenotypic and genetic basis
f drought adaptation in Paciﬁc Northwest winter wheat using
merging phenotyping platforms.
The drought stress intensity in the PNW, plant response to
rought, and phenotypic association of secondary traits with grain
ield were presented in the Gizaw et al. (2016). The major ﬁndings
re summarized as follows: (i) more than 80% of total yield varia-
ion across the years and locations in the eastern Washington was
xplained by variation in precipitation and temperature; (ii) SRIs
howed moderate to high phenotypic correlations with grain yield
onsistently across moisture regimes and subpopulations; (iii) vari-
tion in spike emergence and physiological maturity didn’t have a
et yield advantage under PNW drought conditions whereas longer
egetative period had a positive yield advantage under optimum
onditions; (iv) SRIs showed strong association with stay green esti-
ated from ﬂag leaf senescence; and (v) the market classes of PNW
inter wheat showed genotypic differentiation for agronomic and
emotely sensed traits.
Similar results were reported in spring and winter wheat
ermplasm in low latitude environments (Aparicio et al., 2000;
abar et al., 2006a; Lopes and Reynolds, 2012). These reports alto-
ether suggest the need to carefully determine which population,
rowth stage, and selection environment is most informative if SRIs
re to be used efﬁciently in wheat breeding to augment selection
or grain yield in diverse environments. Speciﬁc objectives of this
articular research were the following: (i) Estimate genetic vari-
bility and heritability of SRIs, phenology, and grain yield across
 range of precipitation zones in Washington. (ii) Evaluate geno-
ypic correlations and relative efﬁciency of indirect selection. (iii)
evelop predictive models for yield using selected in-season traits.
iv) Identify genotypes that have superior performance in optimum
nd stress environments.
. Materials and method
.1. Experimental population and ﬁeld trialThe experimental design and phenotyping conditions were fully
escribed in Gizaw et al., 2016. The study was conducted on two
NW winter wheat subpopulations: hard winter (n = 87), and softarch 196 (2016) 199–206
winter (n = 315). Genotypes were selected from mapping popula-
tions, advanced breeding lines, and cultivars from PNW breeding
programs targeted to Oregon, Washington, and Idaho. The hard red
winter wheat cultivar ‘Norwest 553′ (PI 655030) and the soft white
winter cultivar ‘Madsen’ (PI 511673) were included as local checks.
Madsen is known for its wide adaptation and disease resistance
and has been grown in the PNW for over 20 years, whereas Nor-
west 553 has high yield potential, good disease resistance, and was
the most commonly grown hard red cultivar in the PNW when the
trial was  initiated. Because both accessions have semi-dwarf plant
height and photoperiod sensitivity, the variation across years and
locations is expected to have low effect on their performance mak-
ing them ideally suited to account for spatial variations with in each
trial.
The study population was grown in three moisture regimes
at the following Washington State University agronomy research
farms: Central Ferry (46◦ 4′ N; 117◦ 8′ W),  Pullman (46◦ 4′ N; 117◦
5′ W),  and Othello (46◦ 5′ N; 119◦ 2′ W)  (Table 1). Central Ferry
has a well-drained and moderately permeable Chard silt loam soil
with water holding capacity ranging from 220 to 280 mm.  Othello
has a well-drained and moderately permeable Shano silt loam soil
with 170–220 mm water holding capacity. The Palouse silt loam
soil in Pullman is the most fertile and highly cultivated soil with
deep proﬁle, moderate permeability, and high water holding capac-
ity. Planting of winter wheat in the study area is usually between
late September and mid-October. The annual rainfall is highest in
Pullman followed by Central Ferry and Othello (S. Table 1).
The population was planted in two  treatments in Central Ferry
and Othello: a rain-fed planting representing the drought condition
and irrigated treatment representing the water optimum condition.
In Pullman, the population was planted only in a rain-fed condi-
tion representing the moist-cool condition. The irrigated trials were
conducted using solid-set sprinkler systems for 4–8 h, one or two
times a week depending on the weather. Overhead sprinkler irriga-
tion system is recommended in the region to minimize runoff. This
system delivered approximately 600 mm  of water over the grow-
ing season. Irrigation started on booting (Feekes 9) before any sign
of stress was  detected and continued until the onset of physiolog-
ical maturity. In all treatments, a modiﬁed augmented design was
used with two checks, the cultivar ‘Madsen’ (PI 511673) and ‘Nor-
west 553′ (PI 655030) each replicated in 16–20 percent of the trial
design (Federer and Raghavarao, 1975; Lin and Poushinsky, 1983).
Details of data collection were described in Gizaw et al., 2016.
Heading date was  recorded as the number of days from sowing
until full exposure of spikes in 50% of the plot. Canopy reﬂectance
was measured at multiple growth stages using the CROPSCAN mul-
tispectral radiometer (CROPSCAN, Inc. Rochester, USA) and used
to derive various SRIs. Grain yield (kg/ha) was  calculated from the
grain weight per plot obtained from a Wintersteiger NurseryMaster
small plot combine (Wintersteiger AG, Austria).
2.2. Data analysis
2.2.1. Variance component analysis
Variance components were estimated for each trait within and
across treatments with a mixed linear model using the PROC mixed
procedure (SAS, Cary, NC). Genotype was  considered to have a ran-
dom effect whereas blocks within trial, environment, and check
varieties were considered to have ﬁxed effects.
yij =  + jX ij + biZij + εij
th thwhere: yi = the trait value for the i genotype in j trial; j = mean
value of the trait in the jth trial; j = random-effect coefﬁcient in
jth trial; Xij = random-effect regressor for ith genotype in jth trial;
bj = ﬁxed effect coefﬁcient for block in jth trial; Zj = ﬁxed effect
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Table  1
Genetic correlation (±SE) between grain yield and different vegetation indices in Paciﬁc Northwest winter wheat in drought, irrigated, and high precipitation conditions.
Traitsa Hard Soft
Drought Irrigated Moist-cool rain-fed Drought Irrigated Moist-cool rain-fed
GNDVI 0.54 ± 0.07 0.56 ± 0.06 0.67 ± 0.15 0.64 ± 0.05 0.45 ± 0.13 0.40 ± 0.21
NCPI  −0.51 ± 0.11 −0.42 ± 0.13 −0.49 ± 0.06 −0.66 ± 0.03 −0.44 ± 0.04 −0.37 ± 0.15
NDVI  0.56 ± 0.10 0.52 ± 0.03 0.56 ± 0.15 0.70 ± 0.04 0.43 ± 0.12 0.39 ± 0.21
NWI  0.57 ± 0.12 0.57 ± 0.12 0.60 ± 0.08 0.80 ± 0.06 0.52 ± 0.16 0.51 ± 0.18
PRI  0.35 ± 0.10 0.23 ± 0.09 0.52 ± 0.05 0.41 ± 0.13 0.25 ± 0.15 0.24 ± 0.19
SR  0.53 ± 0.04 0.58 ± 0.05 0.65 ± 0.11 0.66 ± 0.06 0.46 ± 0.13 0.40 ± 0.16
a GNDVI Green normalized difference vegetation index, NCPI Normalized chlorophyll-pigment ratio index, NDVI Normalized difference vegetation index, NWI Normalized
water  index, PRI Photochemical reﬂectance index, SR Simple ratio.
Table 2
Broad sense heritability of spectral reﬂectance and grain yield in Paciﬁc Northwest hard and soft winter wheat in drought, irrigated, and moist-cool rain-fed conditions.
Methoda Traitb Hard Soft
Drought Irrigated Moist-cool rain-fed Drought Irrigated Moist-cool rain-fed
Grain yield 0.26 0.49 0.69 0.25 0.40 0.61
GNDVI  0.60 0.69 0.83 0.86 0.79 0.94
NCPI  0.65 0.29 0.88 0.84 0.48 0.89
NDVI  0.61 0.42 0.90 0.85 0.77 0.93
Mean NWI  0.40 0.82 0.65 0.81 0.92 0.86
PRI  0.64 0.46 0.64 0.88 0.62 0.76
SR  0.56 0.83 0.73 0.89 0.92 0.94
GNDVI  0.56 0.36 0.73 0.63 0.59 0.69
NCPI  0.56 0.50 0.82 0.31 0.26 0.75
AUVIC NDVI 0.55 0.25 0.66 0.51 0.41 0.49
NWI  0.49 0.35 0.41 0.41 0.65 0.67
PRI  0.67 0.14 0.46 0.50 0.19 0.32
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a Mean and area under vegetation index curve (AUVIC) were calculated from spe
egressor of blocks in jth trial and ij = the error for observation of
th genotype in jth trial.
.2.2. Genetic correlation of traits
Genotypic correlation (rG) among trait values traits was calcu-
ated according to Kashiani and Saleh (2010) as follows:
rG = COVGxy√
2Gx∗2Gywhere COVgxy is genotypic covariance of trait
 and yield; 2Gxand2Gy are the genotypic variances of trait x
nd yield respectively (all variance estimates were derived from
he mixed model).
Broad sense heritability H2 was estimated for each trait from the
ariance components estimates (Fehr, 1987) as follows:
2 = 2G/[(2G + (2GE/e) + (2/e)]
here 2G is variance of genotype, 2GE is variance of genotype-
y-environment interaction; e is number of environment; and 2
s within environment error variance (heritability was  calculated
ithin each moisture regime)
.2.3. Response to selection and relative efﬁciency of indirect
election
Direct response to selection (Rx) is the genetic improvement
f a trait in response to selection upon that trait itself whereas
orrelated response (CRx) is the genetic improvement of a trait
n response to selection of an inherently associated trait. These
arameters were estimated as follows:
Rx = K ∗ 2Gx ∗ Hx
CRx = K ∗ rG ∗ Hy ∗ 2Gxwhere K is selection intensity, rG is
enetic correlation between the two traits, H is the positive square
oot of broad sense heritability of selected trait and 2Gx is genetic
ariance of the target trait.0.64 0.75 0.63
eﬂectance indices measured across growth stages.
Relative efﬁciency of indirect selection (E) is calculated as the
ratio of CRx and Rx:
E = CRx/RxrGHy
Hx
where CRx is the correlated response of yield when trait y is
selected, Rx is response of yield form yield based selection, rG is
genetic correlation between the two  traits, Hy and Hx are square
root of broad sense heritability for the secondary trait and yield,
respectively.
3. Results
3.1. Genetic correlation
The studied SRIs showed statistically signiﬁcant genetic corre-
lations with grain yield (p < 0.001). The correlation between grain
yield and NWI  was  generally higher within each soil moisture
regime (0.51–0.80) than SRIs derived from combination of VIS and
NIR light ranges (0.39–0.70) (Table 1). From the SRIs derived in VIS
light range, NCPI showed moderate to high negative genetic cor-
relation with grain yield (−0.37 to −0.66), whereas PRI had low to
moderate genetic correlation (0.23–0.52). In the hard winter sub-
group, genetic correlation between yield and SRIs ranged from 0.23
to 0.67 with the higher values estimated under moist-cool rain-fed
condition. The estimates for soft winter wheat were slightly higher
under drought (0.41–0.80) and lower under irrigated and moist cool
conditions (0.24–0.51) compared to the hard winter subgroup.
3.2. Variance component and heritabilityOverall, heritability for grain yield was low in dry envi-
ronment moderate in irrigated, and high in high precipitation
condition (Table 2). The effects of genotype (G), environment
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Table 3
Estimated response to direct selection of spectral reﬂectance indices (unit) and grain yield (kg/ha) in Paciﬁc Northwest winter wheat.
Traita Hard Soft
Drought Irrigated Moist-coolrain-fed Drought Irrigated Moist-coolrain-fed
GNDVI 0.04 0.03 0.06 0.05 0.03 0.04
NCPI  0.08 0.01 0.10 0.08 0.02 0.05
NDVI 0.07 0.02 0.09 0.07 0.03 0.06
NWI  0.01 0.01 0.01 0.01 0.01 0.01
PRI  0.01 0.00 0.02 0.01 0.01 0.01
SR  0.79 1.02 1.19 1.17 1.15 0.97
Grain yield 0.22 0.30 1.40 0.35 0.51 0.70
a GNDVI Green normalized difference vegetation index, NCPI Normalized chlorophyll-pigment ratio index, NDVI Normalized difference vegetation index, NWI Normalized
water index, PRI Photochemical reﬂectance index, SR Simple ratio.
Table 4
Correlated response of grain yield (kg/ha) from indirect selection using spectral reﬂectance indices (unit) in Paciﬁc Northwest winter wheat.
Traita Hard Soft
Drought Irrigated Moist-coolrain-fed Drought Irrigated Moist-coolrain-fed
GNDVI 0.18 0.20 1.03 0.42 0.33 0.35
NCPI  −0.17 −0.10 −0.78 −0.42 −0.25 −0.31
NDVI  0.19 0.15 0.90 0.45 0.30 0.34
NWI  0.15 0.22 0.81 0.50 0.40 0.43
PRI  0.12 0.07 0.71 0.27 0.16 0.19
SR  0.17 0.23 0.94 0.44 0.36 0.35
Grain yieldb 0.22 0.30 1.40 0.35 0.51 0.70
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Na GNDVI Green normalized difference vegetation index, NCPI Normalized chlorop
ater index, PRI Photochemical reﬂectance index, SR Simple ratio.
b The response of grain yield to direct selection.
E) and genotype × environment interaction (GEI) on grain yield
ere signiﬁcant (p < 0.05) (data not shown). The low heritabil-
ty in dry environment was associated with very low G:GEI ratio
<0.13) whereas the G:GEI ratio was moderate in irrigated con-
ition (0.34–0.50) and high in the moist-cool rain-fed condition
0.84–1.13).
The studied SRIs had moderate to strong heritability that
xceeded heritability of yield in all environments (Table 2). The
ffects of G, E, and GEI were signiﬁcant for all indices (p < 0.05)
data not shown). The effect of genotype x growth stage interaction
GGsI) was signiﬁcant within and across trials (p < 0.05). Overall,
sing SRIs averaged over multiple measurements between head-
ng and hard dough stages improved the genetic variance relative
o growth stage speciﬁc measurements (data not shown). In irri-
ated environment, the heritability of NDVI, GNDVI, PRI, and NCPI
ere consistently low, whereas NWI  and SR showed high heritabil-
ty (Table 2). Comparatively, PRI and NWI  were strongly inﬂuenced
y GGsI and GEI.
.3. Response to direct selection for grain yield and spectral
eﬂectance indices
Grain yield showed the highest response to direct selection in
igh precipitation conditions followed by the irrigated condition
Table 3). The yield response to selection in drought and irrigated
onditions was slightly higher in the soft winter than in the hard
inter germplasm base. Conversely, grain yield in the high precip-
tation condition showed higher selection response in hard winter
han in the soft winter wheat. The gain in NWI  was consistent across
nvironments and subpopulations. Indices derived from VIS range
PRI and NCPI) or combination of VIS and NIR light ranges (GNDVI,
DVI, and SR) showed variable response across subgroups.igment ratio index, NDVI Normalized difference vegetation index, NWI Normalized
3.4. Correlated response of grain yield and efﬁciency of indirect
selection
Selection of SRIs in the moist-cool rained condition for hard win-
ter and in drought condition for soft winter resulted in the highest
correlated response for grain yield (Table 4). In hard winter, veg-
etation based SRIs (GNDVI, NDVI, NCPI, and SR) resulted in higher
correlated response of grain yield than stress related indices (NCPI,
NWI, and PRI). In the soft winter subgroup, NWI  resulted in higher
correlated response in all water regimes.
In both subpopulations, indirect selection efﬁciency for grain
yield using SRIs was  higher in drought condition than the other
environments (Table 5). In the hard winter subgroup, selection efﬁ-
ciency was  highest for NDVI in drought conditions (86%), SR in
irrigated (77%), and GNDVI in high precipitation conditions (74%). In
the soft winter subgroup, NWI  gave the highest correlated response
in all treatments (61–143%).
3.5. Predictive model for yield and yield stability
A yield predictive model that contains one or more SRIs
explained 56–71% of grain yield in the hard winter subgroup and
42–72% of yield variation in the soft winter subgroup (Fig. 1). Each
vegetation index included in the model contributes at least 2% of
the variation in grain yield in the multivariable model.
3.6. Selection efﬁciency of environments
Table 6 presents the relative merit of each environment in giving
maximum correlated response of grain yield in a different envi-
ronment. Even though direct selection in each environment was
usually the most efﬁcient for all traits, indirect selection in the high
precipitation condition had greatest efﬁciency relative to irrigated
and drought conditions. Selection of NDVI and PRI was more efﬁ-
cient in the high precipitation and drought conditions, respectively,
than direct selection of these traits in irrigated conditions (170 and
253% respectively).
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Table  5
Efﬁciency of indirect selection for grain yield using of spectral reﬂectance indices in Paciﬁc Northwest winter wheat.
Traita Hard Soft
Drought Irrigated Moist-coolrain-fed Drought Irrigated Moist-coolrain-fed
GNDVI 0.82 0.67 0.74 1.20 0.65 0.50
NCPI 0.77 0.33 0.56 1.20 0.50 0.44
NDVI  0.86 0.50 0.64 1.29 0.59 0.49
NWI  0.68 0.73 0.58 1.43 0.78 0.61
PRI  0.55 0.23 0.51 0.77 0.31 0.27
SR  0.77 0.77 0.67 1.26 0.70 0.50
a GNDVI Green normalized difference vegetation index, NCPI Normalized chlorophyll-pigment ratio index, NDVI Normalized difference vegetation index, NWI Normalized
water  index, PRI Photochemical reﬂectance index, SR Simple ratio.
F NW w
c
aig. 1. Actual yield (Y-axis) versus predicted yield (X-axis) using SRI indices in P
onditions. On the left is hard winter wheat and on the right is soft winter wheat.In environments where indirect selection efﬁciency is moder-
te or strong, integrating SRI and yield-based selection resulted ininter wheat: From top to bottom are drought, irrigated, and moist-cool rain-fed6% higher repeatability of genotypic performance than yield-based
selection alone and 16% higher repeatability than SRI-based selec-
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Table 6
Comparison of Paciﬁc Northwest selection environments for indirect selection efﬁciency of grain yield and spectral reﬂectance indices. Prediction environment refers to
environment of direct phenotyping and selection environment refers to the target environment.
Traita Prediction environment Selection Environment
Drought Irrigated Moist-coolrain-fed
GNDVI Drought – 0.43 0.65
Irrigated 0.60 – 0.88
High  Precipitation 0.48 0.46 –
NCPI  Drought – 0.48 0.74
Irrigated 0.74 – 0.82
High  Precipitation 0.56 0.40 –
NDVI Drought – 0.35 0.81
Irrigated 0.68 – 1.21
High  Precipitation 0.42 0.33 –
NWI  Drought – 0.38 0.36
Irrigated 0.28 – 0.50
High  Precipitation 0.25 0.46 –
PRI  Drought – 0.07 0.66
Irrigated 2.57 – 1.70
High  Precipitation 0.73 0.05 –
SR  Drought – 0.56 0.56
Irrigated 0.53 – 0.64
High  Precipitation 0.48 0.58 –
Grain yield Drought – 0.36 0.41
Irrigated 0.35 – 0.53
High  Precipitation 0.30 0.41 –
a GNDVI Green normalized difference vegetation index, NCPI Normalized chlorophyll-pigment ratio index, NDVI Normalized difference vegetation index, NWI Normalized
water index, PRI Photochemical reﬂectance index, SR Simple ratio.
Fig. 2. Estimated repeatability of genotypic performance between years in Paciﬁc Northwest winter wheat: a. genotypic performance from SRI-yield integrated selection; b.
genotypic performance from yield-based selection; c. genotypic performance from SRI-based selection; and d. improvement in efﬁciency of indirect selection (Y-axis) with
lowering the selection intensity (X-axis) in hard winter subgroup.
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ion alone (Fig. 2a–c). We  also found that setting a lower cutoff for
RIs led to identiﬁcation of nearly all the high yielding genotypes
hat could be identiﬁed by direct selection (Fig. 2d).
.7. Identiﬁcation of genotypes for superior yield potential and
rought tolerance
Twenty three genotypes were identiﬁed to have higher yield
otential as well as drought tolerance. A total of 119 genotypes
ere identiﬁed to have high yield potential, yet low drought tol-
rance. Sixteen genotypes were identiﬁed to have high drought
olerance, but low yield potential. The subsets of these genotypes
long with their stress tolerance index are presented in S. Table 2a
nd b.
. Discussion
Genetic correlation of two traits indicates the proportion of
henotypic value attributed to shared genetic basis. The pre-
ise estimation of this inherent association requires a genetically
iverse population that accounts for sampling error bias in gene
requency (Borhren et al., 1961). As such, the study populations
n our experiment represented the most current winter wheat
ultivars and representative samples of genetic materials from
ajor breeding programs in the PNW. The genetic correlations
etween grain yield and SRIs were consistently signiﬁcant across
ubgroups and environments indicating the dependability of these
stimates. Similar results were also reported in spring wheat under
rrigated conditions (Babar et al., 2006a,b) and in winter wheat
nder rain-fed conditions (Prasad et al., 2007) in low latitude mega
nvironments. Despite the difference in environmental factors and
enetic composition, consistent results suggest the possibility of
sing these proxy measurements to understand the genetic and
hysiological basis of yield. The consistently moderate to strong
enetic correlation of SRIs to grain yield in the drought and near
ptimum conditions of the Paciﬁc Northwest also indicates the
otential use of an indirect selection approach to identify high
ielding and drought tolerant genotypes.
Differences in the strength of genetic correlations were
bserved across the different moisture regimes and subpopula-
ions. In the soft winter wheat subgroup, grain yield was  more
trongly correlated with SRIs in drought conditions than in irri-
ated and high precipitation conditions. As plants attain maximum
eaf area and pigment accumulation in irrigated conditions, indices
erived merely from VIS saturates will not precisely correspond to
ariation in grain yield (Babar et al., 2006a). This limitation is clearly
eﬂected in the generally low genotypic correlation of grain yield
ith PRI and NCPI. On the other hand, the indices derived from the
IR range (NWI) and combination of the VIS and NIR range (GNDVI,
DVI, and SR) showed higher consistency. The combined use of SRIs
t multiple growth stages resulted in higher genetic correlation rel-
tive to growth stage-speciﬁc SRIs. Babar et al. (2006a) and Prasad
t al. (2007) reported similar results in different wheat populations
nd recommended using the average of SRIs between heading and
rain-ﬁll. The combined use of multiple measurements throughout
he growing season allows us to capture the variations of morph-
hysiological attributes that are pertinent to plant health and grain
ield (Babar et al., 2006b).
The SRIs had generally higher heritability than grain yield. The
isparity between heritability of grain yield and SRIs was  high-
st in drought conditions possibly because grain yield experienced
tronger GEI than SRIs, because the population has low genetic
ariance for yield, or a combination of these two. The low G:GEI
atio asserts that strong GEI effect in moisture stressed environ-
ents is the primary challenge to increasing genetic gain in grainarch 196 (2016) 199–206 205
yield from multi-location and multi-year selection. Conversely, the
higher G:GEI ratio in high precipitation conditions suggests higher
potential to increase genetic gain through selection in this environ-
ment. The effect of genotype x growth stage interaction on SRIs was
in general mild under drought conditions and under high precipi-
tation conditions in the hard winter subgroup.
Indirect selection for secondary traits is a preferred selection
approach when the secondary trait has higher heritability and
genetically correlated with the target trait. The relatively higher
heritability of SRIs and their moderate to strong genetic correla-
tion to grain yield indicates their potential use in improving genetic
gain from indirect selection. The low GGsI on SRIs corresponded to
higher genetic correlation between SRIs and grain yield estimates.
This is consistent with the assertion by Banziger and Laﬁtte (1997)
that genetic correlation between secondary traits and grain yield
increases in stressed conditions. In the hard winter subgroup, the
efﬁciency of indirect selection didn’t exceed direct selection for
grain yield in all conditions. The fairly small size of the hard win-
ter subgroup may  have inadequate sample of variation in order to
estimate these genetic correlations. In the soft winter wheat sub-
group, the indirect selection efﬁciencies for all indices except PRI
exceeded efﬁciency of yield-based selection under drought con-
ditions. The highest indirect selection efﬁciency was  obtained by
selecting GNDVI and NWI  in the hard and soft subgroups, respec-
tively.
In addition to genetic variability, selection environment is an
important factor to evaluate genetic gain and efﬁciency of alter-
native selection approaches (Manneveux and Ribaut, 2006). High
indirect selection efﬁciency of secondary traits is often reported in
drought conditions (Banziger and Laﬁtte, 1997). Secondary traits
that showed higher indirect selection efﬁciency than direct selec-
tion for yield per se under drought conditions will be prime targets
to improve genetic gain in yield and drought tolerance. While
such ﬁndings support the notion that SRIs are more useful as indi-
rect selection tools in stressed conditions, high selection efﬁciency
under drought can be attributed to wide disparity between heri-
tability of grain yield and SRI.
In order to bolster the actual genetic gain, selection envi-
ronments should be characterized to identify the most effective
election environment in relation to GEI and correlated response
of traits across environments. In this study, the high precipitation
condition was found to be most efﬁcient selection environment for
grain yield. In cases where selection environment is different from
breeding target environment, it is essential to evaluate the selec-
tion efﬁciency of respective environments. In our study, selection
of yield and most SRIs under high precipitation gave the highest
correlated response in drought and irrigated conditions (Table 6).
Selection under irrigated conditions resulted in the least correlated
response in rain-fed conditions. The indirect selection efﬁciency for
NDVI in the high precipitation environment and PRI in the drought
environment was  higher than direct selection for these indices in
the irrigated environment.
Spectral reﬂectance can be used in plant breeding, not just
as a standalone indirect selection criterion, but also as a com-
ponent in an integrated selection approach. As demonstrated in
Fig. 2a–c using the hard winter subgroup, integrated selection of
grain yield and SRIs increased repeatability of genotypic perfor-
mance across multiple trials. We  used SRIs to identify high yielding
and drought tolerant genotypes in Paciﬁc Northwest winter wheat
mega-environments. Conducting SRI-based selection at 25% selec-
tion intensity before harvest enabled us to select nearly all the high
yielding lines that could be selected at 10% selection intensity using
direct selection for grain yield.
When determining selection efﬁciency, we also consider fac-
tors other than rate of genetic gain such as phenotyping speed,
cost, and scalability (Manneveux and Ribaut, 2006). The remotely
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Available Water. Washington State University Extension, pp. 0–8.06 S.A. Gizaw et al. / Field Crop
ensed phenotyping platforms allow us to screen a larger set of
ermplasm than yield-based selection. To this effect, the authors
ound it reasonable to use lower selection intensity for SRI-based
election so that most superior genotypes that could be advanced
hrough yield-based selection could be selected in the SRI-based
election as well. Lowering the selection intensity for SRIs from
0% to 25% increased the indirect selection efﬁciency substantially
>0.94). In fact, selection at differential cutoffs for different traits is
ommonly practiced in index selection models (Laﬁtte et al., 2003).
s demonstrated in the high repeatability of integrated selection
odel (Fig. 2a–c), the additional lines selected for their high SRI
ould improve overall yield stability despite their moderate per-
ormance in grain yield.
. Conclusions
This study demonstrated that the use of SRIs as indirect selec-
ion criteria increases the genetic gain in Paciﬁc Northwest winter
heat. The highest selection efﬁciency obtained under drought
onditions indicates that indirect selection will have more prac-
ical advantage in stressed conditions. The SRI-based selection in
oft winter wheat was more efﬁcient than selection of grain yield
er se.  In environments where the indirect selection efﬁciency was
oderate to high, the use of SRIs is still pertinent to increase stabil-
ty of genotypic performance using a multi-trait (index) selection
pproach.
Our study also showed that the efﬁciency of indirect selection
an be further improved using differential selection intensity in
rder to select all genotypes that could be discarded when selection
s carried out at a more stringent cutoff point. The indices derived
ased on VIS and NIR (GNDVI, NDVI, and SR) showed high selection
fﬁciency in hard winter wheat whereas the NIR-based index (NWI)
howed the highest genetic correlation and selection efﬁciency in
oft winter wheat. This difference indicates that the hard and soft
inter wheat germplasm might have different genetic composition
nd subsequently different target traits for drought adaption and
ield potential. Selection using vegetation related indices (VIS and
IS-NIR) is more likely to improve the traits related to aboveground
iomass and pigment composition whereas selection using NWI
NIR) is more likely to improve the plant hydration status and root
ccess to soil moisture. The higher heritability and selection efﬁ-
iency of NCPI relative to PRI makes it a better option to study the
omposition and dynamics of photosynthetic and stress respon-
ive pigments in the PNW germplasm. In general, the results of
his study highlight the possibility of using these traits to facilitate
inter wheat adaptation breeding in Mediterranean-like climates.
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